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to relinquish its shell, allowing the 
attacker to evict it by pulling it out 
through the aperture; or the attacker 
may give up, and release the defender, 
without effecting an eviction. If the 
attacker is successful, it will perform 
the usual investigatory activities on 
the vacated shell and decide whether 
to occupy it permanently. During this 
process the evicted defender is left 
without a shell, but once the attacker 
has made its decision the defender 
is free to move into the shell that 
is eventually discarded, such that 
the encounter often ends with an 
‘exchange’ of shells. 
Negotiation or aggression? In 
P. bernhardus, successful attackers 
rap more vigorously than those that 
give up, performing more raps per 
bout, hitting harder and leaving shorter 
pauses between bouts. The detail of 
shell rapping has not been examined 
in other species but in all cases there 
is the possibility that the defender, 
as well as the attacker, can benefit 
from the encounter. For example, if a 
defender entered the encounter with 
a shell that was much too large and 
exchanged it for a smaller shell that the 
attacker discarded, then the exchange 
could lead to an improvement in the 
defender’s shell quality as well as that 
of the attacker. Indeed, it has been 
shown in C. vittatus that exchanges 
are more likely to occur if the defender 
also benefits. 
It has been suggested that these 
hermit crabs ‘negotiate’ rather than 
‘fight’ over their shells, and that 
the function of shell rapping is in 
fact to advertise the quality of the 
attacker’s shell, allowing the defender 
to base its decision on this factor. 
The defender could assess this by 
monitoring the pitch of the raps, 
which would vary with shell size. But 
this doesn’t explain the difference 
in vigour between evictions and 
non-evictions in P. bernhardus. If 
the rapping advertises shell quality 
why would attackers need to rap 
vigorously as shell quality will not 
vary with the vigour of rapping? 
In P. bernhardus at least, shell 
exchanges seem to be primarily 
agonistic encounters where any 
benefit to the defender is incidental 
to the gains made by a successful 
attacker. Shell rapping seems to be 
related to the attacker’s stamina 
and advertises its fighting ability or 
‘resource holding potential’. 
What can hermit crabs tell us 
about decision-making and 
contests? Theoretical models of 
fighting are based on the idea that 
animals gather information about the 
resource, the opponent and the costs 
of fighting and use this information 
to make strategic decisions. Hermit 
crabs are ideal for investigating 
contests because resource value 
can be quantified and manipulated 
by supplying the crabs with shells 
of known quality. Differences in 
resource holding potential can be 
manipulated by varying the difference 
in crab weight between attackers 
and defenders. Another advantage is 
that the main agonistic shell rapping 
behaviour can be easily quantified by 
analysing measures of its vigour. 
Hermit crabs have been used 
to investigate the physiological 
consequences of fighting, such 
as changes in energetic status 
and hormones, and to relate these 
mechanisms to the decisions 
predicted by theory. These studies on 
P. bernhardus show that during fights 
each opponent may make decisions 
in a different way, basing them on 
different sources of information and 
on different costs of fighting. This 
is relevant to many other types of 
contest as fighting often involves two 
distinct roles, where one individual 
holds a resource that an opponent 
attempts to take over, for example, 
when there is an ‘owner’ and an 
‘intruder’. 
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What are they? Aurora kinases are 
a class of serine/threonine protein 
kinases that have multiple functions 
in cell division. The first Aurora kinase 
was identified in 1995 as a result of a 
genetic mutation in Drosophila that 
resulted in a failure in centrosome 
separation. This Aurora kinase was 
so named because the appearance 
of the defective mitotic spindle pole 
in the mutant resembles the aurora 
light display in the polar night sky. 
Aurora kinases have since been 
found to regulate multiple aspects of 
mitosis and cell cycle progression, 
including centrosome duplication 
and separation, bipolar spindle 
assembly, chromosome condensation, 
chromosome– microtubule attachments, 
the spindle checkpoint and cytokinesis.
How many Aurora kinases are 
there? In humans, there are three 
Aurora kinases, Aurora A, Aurora B and 
Aurora C. Xenopus, Drosophila and 
Caenorhabditis elegans each have two 
Aurora kinases, which are homologous 
to human Aurora A and Aurora B. 
Yeast, however, have only one Aurora 
kinase and this is homologous to 
Aurora B — Ipl1 (increase in ploidy 
1) in Saccharomyces cerevisiae or 
ARK1 (Aurora-related kinase 1) in 
Schizosaccharomyces pombe. The 
larger number of Aurora homologues 
identified in humans, frogs, flies 
and worms might be indicative of 
the complexity of higher organisms, 
which might require a more intricate 
regulatory network of Aurora kinases. 
Alternatively, the yeasts may simply 
be more efficient and use their single 
Aurora kinase to perform the tasks 
that require multiple Auroras in other 
organisms. 
What does Aurora A do? Aurora 
A kinase localizes mainly to the 
centrosomes (Figure 1A) and is 
important for centrosome maturation 
and separation, which in turn are 
essential for mitotic entry and bipolar 
spindle assembly. Aurora A functions 
by phosphorylating its downstream 
targets to regulate their functions. 
Most of the identified Aurora A targets 
are proteins that localize around the 
centrosomes, such as TPX2 (targeting 
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Figure 1. Localization of Aurora kinases during mitosis and the phenotypes resulting from their depletion/inhibition.
(A) Localization of Aurora A (green; at centrosomes), Aurora B/C (yellow; at centromeres, spindle midzone and midbody). (B) The most common 
Aurora A depletion/inhibition phenotype in mitosis is the formation of a monopolar spindle. This phenotype is conserved in all organisms investi-
gated. In humans, Aurora A depletion/inhibition also leads to other phenotypes such as chromosome condensation and segregation defects (not 
shown). (C) Depletion of Aurora B causes kinetochore–microtubule attachment defects such as syntelic attachments (two sister kinetochores 
attached to the same spindle pole, shown by the arrow) and merotelic attachments (one kinetochore attached to both spindle poles, shown 
by the arrowhead). Aurora B also regulates spindle assembly and spindle microtubule distribution in cells (with decreased kinetochore fibers 
and increased astral microtubules being observed following depletion/inhibition). In late mitosis, Aurora B depletion results in chromosome 
mis-segregation (top right) and cytokinesis defects (bottom right).protein for Xklp2), Eg5 and TACC 
(transforming acidic coiled coil). 
What does Aurora B do? Aurora 
B is the enzymatic component of 
a complex called the chromosome 
passenger complex (CPC). This 
complex was named on the basis of 
its dynamic localization in mitosis, 
during which its components localize 
initially to chromosome arms and then 
to the centromeres and move with the 
chromosomes to the metaphase plate 
(Figure 1A). Later in mitosis, the CPC 
is found at the central spindle and the 
midbody after the sister chromatids 
segregate during anaphase. The 
CPC consists of Aurora B, INCENP 
(inner centromere protein), Survivin, 
Borealin/Dasra and TD-60 (telophase 
disk-60 kDa protein). The major 
functions of Aurora B are to regulate 
kinetochore– microtubule attachments, which are critical for chromosome 
alignment and segregation, as well as 
to regulate cytokinesis (Figure 1C).  
The actions of Aurora B are mediated 
through multiple substrates, such 
as histone H3, CENP-A (centromere 
protein A), MCAK (mitotic 
centromere- associated kinesin), 
INCENP and Ndc80 (nuclear division 
cycle 80), in mitosis, as well as other 
proteins during cytokinesis, such as 
vimentin, MgcRacGAP, and MKLP-1 
(mitotic kinesin-like protein 1). Similar 
to Aurora A, Aurora B regulates 
multiple steps of mitosis through 
phosphorylation of its numerous 
substrates.
What does Aurora C do? Aurora C 
is not as well studied as the other two 
Auroras. To date, Aurora C has been 
shown to have a similar localization 
pattern as Aurora B and overlapping functions with Aurora B in cell 
division. However, unlike Aurora A 
and Aurora B, which are ubiquitously 
expressed, Aurora C is predominantly 
expressed in the testis. 
How similar is Aurora A to Aurora 
B? Although the catalytic domain 
sequences of Aurora A and Aurora 
B are very similar, in general they 
have different substrates in vivo. 
This is due, at least in part, to their 
differential localizations within the cell. 
Small- molecule inhibitors that target 
Aurora kinases usually inhibit Aurora A, 
Aurora B and sometimes Aurora C, but 
with different affinities. For example, 
ZM447439, the first Aurora kinase 
family inhibitor, is an ATP-competitive 
inhibitor that shows equivalent levels 
of inhibition of Aurora A and Aurora B 
in vitro. However, in cells, the effects of 
this inhibitor are more consistent with 
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as those generated by polysaccharide 
starches or fat stimuli. Nevertheless, 
converging lines of neural and 
psychophysical evidence support the 
idea that there are a small number of 
taste qualities.
Sweetness
Most animals actively seek and 
consume foods that are sweet-tasting 
to humans. Naturally occurring 
sweeteners include calorie-rich 
sugars such as glucose, an essential 
metabolic fuel for the brain. Several 
other natural compounds, structurally 
unrelated to carbohydrates, also taste 
sweet. Most commonly, certain amino 
acids, such as glycine, taste sweet to 
humans. The adaptive significance of 
an animal’s ability to identify sources 
of calories from glucose, fructose or 
sucrose needs no explanation. The 
avidity for sweet-tasting compounds 
is not universal, however. Felines do 
not prefer sugars, having seemingly 
lost their ability to perceive them as a 
result of a mutation in the gene for a 
primary taste receptor that is normally 
activated by these compounds. 
This likely has little effect on a cat’s 
reproductive fitness because it is an 
obligate carnivore, and generally eats 
a balanced diet without need to forage 
for specific nutrients. This provides an 
example of how an animal’s ecological 
niche and evolutionary history has 
shaped the gustatory system in 
specialized ways.
Umami or savory taste
Umami taste, stimulated by amino 
acids or peptides, is a general 
indicator of protein in food. There 
is still debate as to whether amino 
acids such as glutamate represent 
a primary taste stimulus, or whether 
umami taste may be derivative of the 
other taste sensations. Umami is a 
‘helper’ quality that triggers a strong 
response in humans only in the context 
of other flavors. This may be due to 
the fact that free amino acids rarely 
appear alone in nature. In appropriate 
contexts, however, such as in meats 
and other savory foods, amino acids 
such as glutamate are highly desirable 
to us. While rats and mice will readily 
ingest amino acids, it is not clear that 
they perceive a distinct umami taste 
quality. Glutamate appears to share 
perceptual attributes with sucrose in 
these rodents, which contrasts with the 
human perception of glutamate, which 
is rarely, if ever, described as sweet. 
Mammalian taste 
perception
Paul A.S. Breslin1 and Alan C. Spector2
The sense of taste is activated when 
certain classes of chemicals contact 
specialized epithelial taste receptor 
cells in the tongue, palate, throat and, 
in some species, near the epiglottis 
and the upper esophagus. The various 
categories of taste stimuli detected 
at the periphery are processed alone, 
or in combination, to stimulate the 
percepts associated with nutrients 
and toxins, to drive complex ingestion 
or rejection behaviors, and to initiate 
physiological processes that aid in the 
digestion and assimilation of food. 
Our objectives here are to review 
some basic principles of taste function 
and its underlying neurobiology, 
while highlighting some of the 
methodological and interpretive issues 
associated with the assessment 
of taste perception in humans and 
nonverbal mammals.
Taste qualities and the nutrients with 
which they are associated 
By convention, most researchers 
believe that human taste perceptions 
can be categorized into one or more 
combinations of five taste qualities, 
each of which is associated with a 
particular biologically relevant class 
of compounds. Sweet sensations 
are associated with the presence of 
simple carbohydrates; umami taste is 
generated by amino acids and small 
peptides; salt taste is associated with 
the presence of sodium and sometimes 
other ions; sour taste is generated by 
acids; and bitter taste sensations arise 
from stimuli that are potential toxins, 
such as various plant alkaloids. 
The extent to which stimuli that 
activate these taste qualities represent 
stimulus primaries from which most, 
if not all, taste sensations can be 
constructed, just as mixtures of 
short, medium and long wavelength 
visible light primaries can stimulate 
most colors in the visual spectrum, 
remains to be rigorously proven. Some 
species of mammals seem unable to 
experience some of these qualities, 
while others may perceive taste 
qualities in addition to these five, such 
Primerthe phenotypes induced by loss of Aurora B activity. Hesperadin, another 
ATP-competitive inhibitor, inhibits 
both Aurora kinases but has a higher 
specificity for Aurora B in vitro and 
in vivo. 
What is the relationship of Aurora 
kinases and cancer? All three 
members of the Aurora kinase 
family are overexpressed in multiple 
solid tumors, which is perhaps not 
surprising considering their functions 
in cell division. As more and more 
small- molecule Aurora kinase inhibitors 
are being developed, these inhibitors 
can be used not only for cell-biological 
studies on the functions of Aurora 
kinases, but also for developing new 
anti-cancer drugs. These inhibitors 
obstruct Aurora kinases, which in turn 
leads to aberrant mitosis. As a result, 
the p53-dependent checkpoint is 
activated and results in the induction 
of a G1- like cell-cycle arrest. Several 
small-molecule inhibitors of Aurora 
kinases, such as VX-680, PHA- 739358 
and AZD-1152, have shown anti- cancer 
effects in preclinical and clinical trials. 
What more do we need to know? 
Although multiple functions and 
substrates of the Aurora kinases have 
been identified, there is still a lot of 
missing information. For example, 
the functional consequences of 
phosphorylation have been thoroughly 
investigated for only a limited number 
of substrates. Also, the upstream 
signals that guide the cellular 
localization and thus contribute to 
the functions of the Aurora kinases 
remain to be elucidated. Finally, 
how the Aurora kinase activities are 
differentially regulated and how their 
activities are integrated with other 
mitotic kinases are also important 
avenues for future studies.
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